ABSTRACT: This study investigates the impacts of climate change scenario on summer heat waves' (HWs) and winter cold spells' (CSs) characteristics for 12 locations over the Iberian Peninsula (IP). These characteristics are duration, recovery factor and intensity. Two future time slices of the chosen scenario are studied, namely, the periods 2046-2065 and 2081-2100 which are compared with a reference climate for the recent-past (1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005). The RCP8.5 greenhouse gas emission scenario is considered. The minimum and maximum daily temperature were obtained for these periods through regional model simulations using the Weather and Research Forecast (WRF) model forced with the MPI-ESM-LR model. The model was validated against EOBS and SPAIN02 datasets. The model shows 90th/10th percentile temperature (i.e. thresholds to identify HW/CS) biases. Therefore, HW/CS numbers and properties were evaluated using the model's respective thresholds. HW/CS numbers and characteristics were also compared between the model and EOBS derived data. Probability density functions (PDFs) of the duration, recovery factor and intensity show significant changes in the mean and variance for the summer HWs. Differences, between future and recent-past climate in the extremes are evaluated by the 95th percentile which show an increase in the duration and intensity of the HWs for the future time slices. Very few CSs were detectable in the mid-term future (2046)(2047)(2048)(2049)(2050)(2051)(2052)(2053)(2054)(2055)(2056)(2057)(2058)(2059)(2060)(2061)(2062)(2063)(2064)(2065) and none in the long-term future (2080-2100), except for Barcelona. For most locations, the CS for the future are of smaller duration and intensity. The PDF of the recovery factor suggests smaller absolute differences between the minimum and maximum temperature during winter which is also confirmed by the percentile analysis. The increase in the duration and intensity of HWs is greater in the long-term future than in the mid-term future, pointing for a warmer IP with more and longer HWs towards the end of the XXI century.
Introduction
The ecological, health and economic impacts of extreme hot/cold weather on present and in a changing climate have been established by several authors, especially after the 2003 heat wave (HW) effects on mortality over Western and Central Europe (Hansen et al., 2008; Barata et al., 2011; Ciscar et al., 2014) . In the Iberian Peninsula (IP) the 2003 HW was responsible for an excess of 3.5% mortality in Portugal and of 8% in Spain (Nogueira et al., 2005; Simón et al., 2005) . The 2003 summer HW that hit intensively the Western and Central Europe, the Eastern European 2010 HW and the extreme cold temperatures cold spells (CSs) during the 2009/2010 winter prompted an investigation of temperature extreme events over Europe.
During recent years the evidence of more frequent and severe extreme weather events, regarding their impacts, has been documented by several authors and institutions, (e.g. Della-Marta et al., 2007; WMO, 2011; Lubchenco and Karl, 2012; Peterson et al., 2012; Zuo et al., 2015) . In a changing climate scenario it is almost certain the occurrence of increases in frequency and magnitude of daily temperature extremes and decreases in frequency and magnitude of daily minimum temperature extremes (Peterson et al., 2012) . These changes may happen already this century (Cutter et al., 2012) . So, it is expectable that extreme weather phenomena related to air temperature, like HWs and CSs, are likely to change towards higher maximum and minimum temperatures and more hot days and warm nights (WMO, 2011) . Recent findings, for Central Europe point for a recent increase in frequency, duration and intensity of the summer HWs (Tomczyk and Bednorz, 2016) and for Europe it is expected that 'the probability of a summer experiencing mega-HW will increase by a factor of 5 to 10 within the next 40 years' (Barriopedro et al., 2011) .
As pointed out by Barnett et al. (2012) , the HW characteristics on health impacts are well established, whereas those of CS are still to be proved. This fact may explain why HWs have been investigated extensively in the last years (Frich et al., 2002; Schär et al., 2004; Kysely, 2010; Zuo et al., 2015) as opposed to CSs for which little research has been conducted (Barnett et al., 2012; Peterson et al., 2013; Lhotka and Kysely, 2015) . Recent studies have led to a more elaborate understanding of the key interactions behind the HW's phenomenon (Perkins, 2015) . HWs results from the interaction of large-scale processes, like a synoptic situation of a high-pressure persistently located over a region, with small-scale processes such as the soil moisture. Soil moisture -temperature interaction are very complex, particularly if we consider also these interactions via cloud and precipitation but, overall, the feedback appears to be positive that is, dry soil favours warmer temperatures (Vautard et al., 2013) . Although, not all pairs of dry soil/anticyclonic weather origin HWs, in particular circumstances HWs can be an amplification of a positive feedback between soil dryness and anticyclone weather. Established this relationship, it is clear that the capability of climate models to simulate HWs also relies on the parameterizations of soil moisture and the not so known physical processes and their interactions between the land-surface and the atmosphere. Another factor is the requirement that regional climate models need boundary forcing fields to drive the models. Downscaled from a coarser resolution grid to a higher resolution grid, these fields must accurately represent the large-scale dynamics in order to reproduce the atmospheric structure at the local scale resolution. Many authors used regional climate models over Europe to study HW's characteristics (Domínguez et al., 2013; Schoetter et al., 2015; Ouzeau et al., 2016) . Vautard et al. (2013) extensively studied, for present climate conditions, HW's climate using several simulations from a set of eight different models from the EURO-CORDEX project, while Lau and Nath (2014) examined the synoptic characteristics of HWs for the present climate with projections for future climates.
Many authors have investigated the HWs but only a few have conducted studies on CSs. Moreover, these studies have poorly investigated the waves/spells characteristics or did not inspected climate changes of HWs and CSs properties in the IP. The present study sought to fill the literature review gap concerning the summer HWs and winter CSs over the IP in a climate change scenario, and suggests an approach which is based on HWs and CSs characteristics. The study aims to investigate the variations in the properties of HWs and CSs, as calculated from the given definition by the present authors on the regional climate simulation of two future climate 20-years periods under the 8.5 Representative Concentration Pathway, RCP8.5 -greenhouse gas emission scenario, over the IP. The properties considered in this study are: duration of the HWs/CSs (DUR), recovery factor (RF) and intensity (INT) of HW and CS.
This study is organized as follows. Section 2 describes the data, the methodology used to identify the HWs and the CSs, and the methods employed. Then, the main results and their discussion is performed in Section 3. Finally, in the last section, the conclusions are drawn.
Data and methods

Study area
The study area is located in the southwestern part of Europe and comprises Portugal and Spain (IP in Figure 1(a) ). Its topography varies from the Great Plains in the southwest and the central plateau to complex orographic features in the north-northeast regions. The most notable mountains are Sierra Nevada (3400 m), located in southern Spain and the Pyrenees (3500 m) in the NE, bordering Spain and France. These orography features and the geographic location of IP, surrounded by the Atlantic Ocean and the Mediterranean Sea, give the Iberian climate some peculiarities.
The North and West regions, largely exposed to the maritime Atlantic winds, have mild summers and wet winters. The southern part is hotter and drier due to the influence of the warm air masses over the Mediterranean Sea and the Sahara desert [for an extended description see the report of AEMet and IM, I.P. at AEMET (2011) ].
HEAT WAVES AND COLD SPELLS CHANGES IN IBERIA FOR A FUTURE CLIMATE
Data and model validation
The Weather Research and Forecast (WRF) model v3.5 (Skamarock et al., 2005) was used to dynamically downscale climate data from the Max Planck Institute Earth System Model (MPI-ESM-LR) to a high-resolution (9-km) climatic grid over IP (Figure 1(a) ), for a recent-past climate (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) .
A second set of simulations were performed, using the same regional WRF configuration and as boundary and initial conditions the MPI-ESM-LR simulations, under the assumption of the RCP 8.5 scenario. The scenarios are projections dependent on how much greenhouse gases are expected to be emitted to the atmosphere in the upcoming years. The RCP 8.5 scenario is one of the four developed future climate scenarios where a radiative forcing of 8.5 W m −2 is considered, with a steady increase in the gases concentration throughout the 21st century. This RCP setup is expected to produce an increase in the global-mean near-surface air temperature of 4.5 ∘ C by the year 2100 relative to the pre-industrial era (Moss et al., 2008) .
For this emission scenario, the considered periods of future climate under analysis correspond to a mid-term future, from 2046 to 2065, and a long-term future for the 2081 to 2100 period. The simulation domains vary from a coarser resolution domain (grid-cell of 81-km), covering the IP and extend west into the North Atlantic Ocean (to better capture the synoptic features), and a high-resolution domain (grid-cell of 9-km) covering the IP region (Figure 1(a) ).
The WRF model's physical configuration includes the following parameterizations: WRF single-moment 6-class microphysical scheme (Hong and Lim, 2006) ; Dudhia shortwave scheme (Dudhia, 1989) ; RRTMG (Rapid Radiative Transfer Model) longwave radiation model (Mlawer and Clough, 1997) ; MM5 similarity surface layer scheme (Zhang and Anthes, 1982) ; Noah Land Surface Model (Chen et al., 2004) ; Yonsei University Planetary Boundary layer and the Grell-Freitas Ensemble scheme for cumulus parameterization (Grell and Freitas, 2013) . These set of parametrizations have been used in the operational forecast for Portugal available at the University of Aveiro (http://climetua.fis.ua.pt, Group of Meteorology and Climatology), and in several other studies of extreme precipitation events (Pereira et al., 2013) . The WRF model has been applied also in regional climate studies, in a series of sensitivity experiments to microphysics, convection and radiation schemes for the EURO-CORDEX domain, representing the 1990-2008 climate with reasonable fidelity (Katragkou et al., 2015) .
The description and assessment of climatic runs of the WRF model forced by the global model MPI-ESM-LR results (WRF-MPI), for the recent-past, applied with the above described configuration are presented by Marta-Almeida et al. (2016) .
In the present work, the model evaluation was performed by comparing temperature simulations of the recent-past climate with observations. The dataset used was the EOBS-ECA&D gridded data. The EOBS dataset consists of a blended ECA&D station series interpolated to gridded daily observations of temperature. The dataset includes the period starting from 1 January 1950 and ending in 31 December 2016 covering Europe (full description in Haylock et al., 2008) . For this study, it has been used the EOBS version 14 with a regular horizontal resolution of 0.25 ∘ × 0.25 ∘ . Among the three nested domains, we choose to evaluate and analyse the inner domain with 9-km grid-cell resolution for a better description of the surface fluxes influencing the temperature fields. This permits, to gain information when remapping the 9 km WRF results into the EOBS grid. The remapping uses the nearest neighbour method in order to avoid extra smoothing from the interpolation methods. The WRF's validation was made by comparing the mean summer/winter temperature fields, namely the simulated 90th and 10th percentiles. A second set of observations, the Spanish dataset Spain02 version 4 with 0.11 ∘ horizontal resolution was used to validate the spatial distribution of the summer and winter climatological 90th and 10th percentiles (Herrera et al., 2016) .
The above mentioned twelve locations are scattered over the IP and are representative of the different climate regions (Brunet et al., 2007; AEMET, 2011) . They were chosen to study the properties of the HWs and the CSs and their respective change under a climate change scenario (Figure 1(b) ). All locations are large metropolitan areas of greatest importance in Portugal and Spain namely, Lisboa, Porto, Madrid, Barcelona, Valencia, Sevilha, Bragança, Beja, Gijón, Cáceres, Jérez and Corunha. The selection was based on the fact that cities gather the population, the principal service activities and many of them are ill-equipped for climate change adaptation when focusing on infrastructure and building. Maximum and minimum near-surface daily atmospheric temperatures were extracted for the 12 locations using the closest model 9-km grid-point at each location. This procedure was applied for each 20-year period.
HW and CS definition
Despite the existence of numerous studies of HWs, there is not a universal definition for it. Usually, CSs are defined similarly to the HWs. The underlying reasons are, (1) HWs and CSs are dependent of local climatology. What might be described as an extreme in a temperate climate over mid-latitude regions, may not be in a tropical regions, (2) there are numerous methods to count for HWs and CSs. These methods can be grouped into two major categories. The first group of methods builds on the selection of the temperature threshold and the minimum number of days that a HW must have. Some methods are based on a fixed critical value of the daily maximum temperature set prior to the analysis, for example 30 ∘ C, with a fixed minimum number of consecutive days (Hansen et al., 2008; Kysely, 2010) . Others methods have chosen to associate the temperature threshold to the local climatology, either by using the climatological temperature plus a fixed value (Frich et al., 2002; Perkins, 2015) or using a percentile based threshold (Russo et al., 2014) . In these methods, a HW is considered when the daily temperature exceeds the critical value for a period of a fixed number of consecutive days. The second group of methods is based on climatic indicators (Frich et al., 2002; Zhang et al., 2011; Russo et al., 2014) such as the heat index that uses the maximum temperature and relative humidity (Robinson, 2001) . The climatic indices are built offering the possibility of comparison among regions with different climatologies. The method chosen, as well as the set of temperature threshold and the number of consecutive days considered, influences the total number of identified waves (Tong et al., 2010) .
In this study, HWs/CSs are defined as the period of, at least, three consecutive days in which the maximum/minimum temperature is equal or above/below the daily threshold for the 20-years reference period of the recent-past climate (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) .
The minimum number of consecutive hot days required to be considered as HW varies among studies. For example, Ouzeau et al. (2016) define the HW duration as dependable of some pre-defined temperature thresholds, whereas Schoetter et al. (2015) relate HWs and energy supply and define a HW, over Western Europe, as an event of at least three days. In this study we choose a minimum of three consecutive days.
The daily threshold temperature is obtained by calculating the climatological daily 90th/10th percentile of the daily maximum/minimum temperature series, centred in a 31-day window as detailed by Russo et al. (2014) . The threshold temperature, T thres , for a particular day, d, can be defined as the 90th/10th of the temperature series as: (1) where U denotes the union of the 90th/10th percentile of the maximum/minimum temperature in a 31-day window around the day, d.
Yielding a HW definition as:
and for CS:
For each one of the 365 calendar days, d, the 90th/10th percentile is calculated considering all data on a window of 31 days (15 days on either side) using the data of 1986-2005. Instead of using a 31-day window for calculating the daily 90th/10th percentile for each year and then average the daily percentile for the 20-years, in this study, we consider a 31-day moving window spanning the 20-year period. So, the value obtained for day, d, will be the percentile of a 20-year set of 31 days. Hence, the use of the climatologic term on the definition of the daily threshold series. This gives a sample of 620 days used to calculate the daily climatological 90th/10th percentile threshold for each calendar day. The daily climatological threshold series follows closely the seasonal cycle and the range of temperatures varies with location. Namely, the southern locations exhibit warmer temperatures than those located in the north as reported in literature (Fernández-González et al., 2014) .
Spatial correlation and bias
To compare spatial patterns of waves' characteristics, the spatial correlation has been calculated. The procedure is similar to calculating temporal correlation but the pairs of values are those for the value of the variable at the same model grid-point, for each variable field. Also, the mean spatial bias has been evaluated by calculating the difference between the area-averaged mean of the two variable fields.
2.5. Changes in the probability density functions (PDF) of the wave's characteristics
The threshold series were calculated for all model grid-points. Subsequent, all HWs/CSs were identified at all grid points as well as their averaged properties. To save space, the following analysis is performed only for the 12 locations. The individual maximum/minimum temperature series were inspected for HW and CS events. Each time the temperature and the duration met the HW or the CS criteria, three parameters were calculated to describe the characteristics of the waves:
• duration of the HWs/CSs
• recovery factor
where n is the number of days covering an event. During the HW episodes, the minimum temperature can be important because during nighttime the human body is able to recover from the excess of heat during daytime. Some studies reported a link between the high nighttime temperatures and fatalities (Karl and Knight, 1997) .
In the present work, during the HW/CS events, the absolute difference of the day and night temperature was calculated as a measure of the possible relief from the daytime heat and, henceforth, is designated the recovery factor (RF). Karl and Knight (1997) state that the body tends to accommodation after the first days of the wave, so variations in this difference can establish how well the body can adjust to future changes. Small values of RF indicate high values of minimum temperature. To examine the severity of the HW, the absolute difference among T max and T min with T thres , for the duration of the HW, was calculated. This amplitude acts like an intensity (INT) measure of the wave. When considering the deaths caused by HWs, their INT assumes a relatively more important role than duration (Zuo et al., 2015) . These characteristics were chosen considering the regional differences among regions within the IP. The events were grouped by season and the analysis focuses on the summer and winter months, despite the fact that HWs and CSs may occur at any time of year. However, it is in the summer and winter months that HWs and CSs effects are mostly felt, respectively. Summer is defined from 1 June to 31 August minus and plus 3 days, respectively, to be sure to include waves that might fall in the beginning or the end of the season. Winter is defined as the period that starts at 1 December and ends at 28 February. The same procedure was applied for the two periods representative of a future climate state namely, the mid-future (2046-2065) and the long-term climate (2081-2100), but in these time slices the season was extended to include longer waves that started in late spring or late autumn but last into the selected summer or winter months. Figure 2 presents an application of the method for the identification of two observed waves, one HW and one CS, over the IP. The daily climatological 90th/10th percentile (grey circle line) series are represented by the smooth lines with little daily variation. The HW is the one that occurred in August of 2003 which caused many heat-related deaths in the IP. The HW is identified as a cluster of consecutive days with maximum temperature (red dashed line) above the threshold. The opposite behaviour is observed for the CS, where the minimum temperature (blue line) is below the threshold. The mean intensity values were higher in the north-northeast zone of the PI, a region with colder maximum temperatures, with mean deviations between 4 and 6 ∘ C. The 2003 HW INT presents a spatial gradient opposite to the maximum temperature; INT is higher in the lower temperature regions. This gradient is opposite in the cold waves. There is an intensification of the CS in lower temperature zones.
To evaluate the changes in the properties of the waves, their characteristics, namely the mean value and the 95th percentile were calculated. Also, the PDFs of each parameter were estimated using a non-parametric procedure, namely, the Kernell density estimator (KDE), for the different periods. The KDE returns a probability density estimate, f , for the sampled points (Bowman and Azzalini, 1997) . The estimator is defined by:
where n is the sample size, K is the Kernel function, and h is the bandwidth. Recently, Forzieri et al. (2016) used the same non-parametric estimator to found out return periods for HWs and CSs, and to identify regions that are most exposed to multiple climate hazards. The series were de-trended with the methodology established by . The PDFs for the past-recent climate and the two projections for a mid-term climate and a long-term climate where assessed for differences using the two-sample Kolmogorov-Smirnov hypothesis test (Massey, 1956 ). The test is non-parametric and evaluates the differences between two distributions using the maximum absolute difference between the respective cumulative distribution functions. The test statistic is:
where F 1 and F 2 are the distributions to be compared. The test rejects the null hypothesis here indicated by H = 1 (F 1 and F 2 are from the same distribution) if the p−value is less than the level. The statistical significance was performed at the 0.05 level.
Results and discussion
WRF model validation
The historic simulations were evaluated against the EOBS and Spain02 gridded observations in order to assess the ability of the model in reproducing the temperature fields. The model WRF-MPI is able to reproduce the temperature's spatial structure when compared with the gridded observations datasets. The annual simulations identify a hotter region in southern Spain and the northern Peninsula colder region (analysed but not shown). Also, the 90th and the 10th percentile were compared since these are the most relevant to study HWs/CSs. The daily climatological summer and winter thresholds of the 90th and the 10th percentiles, respectively, are shown in Figure 3 for the EOBS, Spain02 and WRF-MPI. There is a good agreement amongst the spatial patterns of the datasets. The seasonal cycle is also well reproduced by the model, as well as the mild summer/winter temperatures near the coastline. The mean summer EOBS 90th percentile is higher than the simulated which is also evident in the annual probability distributions of the summer maximum temperature (analysed but not shown).
To evaluate the ability of the model in successfully simulating the waves, the total number of waves (Nwaves), total waves' number of days (Ndays), their average duration (DUR in days) and intensity (INT in ∘ C) were compared with those derived from EOBS -ECA&D data. This was performed for each model grid-point. After discarding the points over the ocean, 1233 valid grid points were retained. We should highlight here that the number of HWs/CSs and the related characteristics (i.e. Ndays, DUR and INT) are evaluated using the respective threshold of each dataset (i.e. EOBS and WRF-MPI). This would somewhat minimize the bias identified in the thresholds (i.e. 90th and 10th percentiles shown in Figure 3 ) of both datasets. Spatial correlations and the mean spatial bias were computed between EOBS and WRF-MPI, for each wave characteristic. These are shown in Table 1 . The correlation figures within the interval of 0.10 to 0.30 are considered weak, moderate if within 0.30 to 0.70 interval and strong if above 0.70. The significance threshold was set at alpha 0.05 and 0.01, so any P-values less than alpha are considered significant. In general, a positive bias is observed for all the waves' characteristics except for Ndays and DUR, which are overestimated by the model. Some of the major differences are accompanied by low correlations and are related with the total CS Ndays and the RF. Figure 4 displays the spatial patterns of the mean summer HWs' and winter CSs' characteristics, namely INT, Nwaves and Ndays, for EOBS and WRF-MPI. The spatial pattern of the mean HW INT is in opposition with the temperature pattern, with high values in the north-western region of the IP, and with values close to zero near the Mediterranean areas. Since, INT of the HW is defined as the departure from the 90th percentile, this indicates that areas with mild north summers experience more intense HW. Overall, the simulations provide a good representation of the recent-past climate moderately related to the observations (r = 0.34 to r = 0.43, Table 1 ). Neither the coastal effect of the ocean nor the continental regions seem to influence the INT of the waves. The spatial distribution of the CSs' INT follows the spatial gradient of temperature suggesting that areas with lower temperature experience more intense CS. The spatial distribution of the CS Nwaves observed during the 20-years period over western coastal areas is reasonably well reproduced, with the western coastal areas registering more waves (HW and CS) and the central area of IP with fewer waves. The Central region of the IP shows weaker correlations between the parameters calculated based on observations and model results. Overall, significant moderate relations were found between the EOBS and the WRFs simulations for the recent-past climate.
HWs
This section is concerned with the PDFs of HWs properties to characterize the general distribution changes amongst the three climate periods simulated by the WRF-MPI model. Hereinafter, and contrary to what was done in the validation section, the comparison of HW/CS numbers Table 1 . If H =1, the Kolmogorov-Smirnov test rejects the null hypothesis at the 5% significance level (i.e. statistically significant changes between distributions), and 0 otherwise. [Colour figure can be viewed at wileyonlinelibrary.com].
and characteristics between future and present climates simulated by the WRF-MPI uses the threshold of the simulated present climate. This was done since we wanted the wave's characteristics to quantify the change relative to the present climate. The main objective of this study is, therefore, to anticipate adaptation measures relative to what is the present reality. The strongest HWs are located in the extreme of the PDFs and are, therefore, not clearly shown in the PDFs ( figure 5 ). As such, the 90th percentile of the properties' distributions were calculated. The 12 locations were aggregated into three groups, according to the similarities of the simulated changes (future minus recent-past) in the wave's duration PDF profile (Table 2) . Waves with similar PDFs were grouped. That is, we are grouping characteristics of waves and not climatic regions. For example, for Porto and Barcelona, the probability density of wave characteristics are similar, and so they are grouped together. The results of the waves' properties of each group were aggregated into a single distribution for further analysis on significant statistical differences between recent-past climate and future climate scenario time slices. The main characteristics of these PDFs, namely, mean, and 95th percentile are shown for HWs, for all locations, climate periods and properties (i.e. DUR, RF and INT), in Table 3 . The number of waves and days of waves are also shown. Figure 5 presents the group PDFs of DUR, RF and INT for HWs in the three climate periods. Statistical significant PDF changes between the two future periods and the recent-past are represented by H = 1 in all plots of Figure 5 . In general, the PDFs of DUR and INT shift to the right for the three groups, whilst the RF shift to the left. This represents an increase of central measures such as the average and median for DUR and INT and a reduction for RF. A decrease of variance is mostly notable for DUR for group 2 locations. These future changes are greater for the long-term future. These changes represent harsher conditions in terms of high-temperature related health risks. All changes are statistically significant, except Table 3 shows HWs statistics, particularly extreme ones (i.e. p95) since they are not identified in the PDFs shown in Figure 5 climate periods and properties (i.e. DUR, RF and INT). Also shown is the number of HWs and Ndays for which the statistical significant (%) future changes are shown in bold.
The number of HWs increases for the future periods particularly for the long-term future. The same is true and more evident for Ndays. The only particularity is a smaller increase in the number of HWs for Barcelona, for the long-term future, when compared with the mid-term future. This is not relevant since the number of wave-days follows the expected pattern of largest increases for the long-term future. All these changes are statistically significant (5%) and mean that, on average, many future summer days (mostly for long-term future) will be HW days, particularly for Barcelona, Cáceres and Sevilha. All differences of the number of HWs and Ndays between the future periods and the recent-past are statistically significant (5%). The only exception is for HWs numbers for Gijón.
These results show consistency with those found in literature, where the probability of events, like that of 2003, were identified as increasing (Barriopedro et al., 2011) , or the clearly warming of Europe in a far future for every season . Also, this pattern of increase was observed by Della-Marta et al. (2007) , which showed a positive trend in the hot days and HW, in the IP, The mean Nwaves and Ndays were tested using the T-test at = 0.05 under the null hypothesis that the samples come from independent random samples with equal means, and equal, but unknown, variances. If the value is highlighted (bold) the test rejects the null hypothesis at the 5% significance level. Ndays and DUR are per HW and Nwaves per summer/winter.
for the period of 1880 to 2005, as a response to changes in the mean and variance of the daily summer maximum temperature. The frequency of HW's DUR will increase for all locations. This is true for average and long durations (i.e. percentile). For the long-term, the average DUR of HWs will increase by more than twofold in many locations, particularly for Barcelona, Cáceres and Sevilha. The trend is also characterized by highest increases for the long-term future, except for Corunha and Gijón which are the northernmost and coolest locations. Highest HWs' DUR will also increase their frequency with Barcelona registering 1% of HWs occurring during a great part of summer.
The enhanced frequency, accounted by a shift in the mean can explain the differences between a long-term climate and a recent-past climate. Some authors (Barriopedro et al., 2011; Tomczyk and Bednorz, 2016) , suggest that it is possible, in a future scenario, that a more persistent atmosphere can originate more extreme temperatures and more persistent HWs, during the summer season. Regarding RF, the hypothesis of expecting less frequent favourable values (i.e. higher T max −T min daily values) is somewhat confirmed. That is, the extreme percentiles and the mean decrease, which is also evident from a shift of the PDFs for the future towards left. The RF decreases are related to higher increases of minimum temperature rather than increases in maximum temperature. This result is in line with the projected decrease in the annual occurrence of cold nights together with a significant increase of warm nights presented in Zhang et al. (2011) .
Overall, the differences between the future climates and the recent-past climate are significant (5%). This means that, for the future, the recovery factor decreases, contributing to aggravated heat-related health impacts. The cause is associated with a higher increases in T min (i.e. at night) than in T max (i.e. at daytime). For the HW average INT, future climates will register increases with the exception of Gijón and Valencia. For the extreme percentiles, the general changes are similar to those for the average which agree with a rightward shift of the future INT PDFs.
Again, the changes in the PDFs of HW properties, namely their central and extreme right measures, represent an aggravation of heat-related health impacts for the future. The apparently small changes in RF and INT should not be interpreted alone. They should be considered together with the increase in HW duration and, most importantly, with the number of HW days which strongly increases in the future climates.
Knowing that the key mechanism associated with HWs is the persistent presence of an anticyclonic pattern over a high-temperature region (Cassou et al., 2005) and that a link between the 'Atlantic Multidecadal Oscillation' and HWs was established , it is reasonable to assume that a change in the typical location of high-pressure systems or other synoptic features associated with HWs over Europe may change. Figure 6 shows an example of what we might expect to be a mid-term and long-term future HW. The figure shows a particular warm summer (similar to the summer of 2003) at a particular location in the recent-past (grey line), mid-term (green line) and long-term future (red line). The reference threshold (i.e. that for the recent-past climate simulated by the WRF-MPI) is shown by the thick black line. Black-circled dots represent HW days. The observed tendency is for an increase in the number of HW days even if the number of HWs does not increase. Also, the average intensity of HWs, as defined in this study, may not be higher for the future even if the number of HW days increases.
Cold spells
As was done for HW, CS numbers and characteristics comparison between future and present climates simulated by the WRF-MPI uses the threshold of the simulated present climate. Figure 7 shows the PDFs of DUR, RF and INT for CSs in the three climate periods, in a similar way as for HWs in Figure 5 . Table 4 shows the same properties of the PDFs for CSs at the 12 urban locations over the IP. For some locations, CSs do not occur in the long-term future (absence of PDF in Figure 7 and 0.000 values for Nwaves and '-' symbol in Table 4 ). In some cases, changes are not statistically significant (i.e. H = 0). In general, there is a decrease in the number of CSs and CSs Ndays for the future. The PDFs of DUR shift to the left (Figure 7 ) also confirmed by the decreases in the mean and extreme percentile changes (Table 4) . These represent a decrease in duration of CSs. There are also changes of variance for some PDFs, particularly for DUR and RF. Changes in the PDFs of RF and INT are small, generally associated with a shift towards the left, particularly for INT (i.e. less intense CSs). However, these should be treated with caution since the number of CSs is very small. As expected, CSs health-related impacts may decrease in the future associated to warmer temperatures (T min and T max ). The absence of CSs is consistent with other results that point for a decrease of cold days towards the end of 20th century (Lhotka and Kysely, 2015) . In the past and over the IP, the cold nights' index was estimated as a negative trend of 6 ∘ C/decade (Zhang et al., 2011) . For temperature extremes in general, most global regions show larger increases in minimum than maximum temperature (Perkins et al., 2012) which can explain the fewer CS. However, in a recent study Fonseca et al. (2015) found an increase in the number of warm days and warm nights, particularly for summer and a negative trends for cold nights and cold days in the summer. It was also reported an increase in cold days and cold nights during wintertime.
Conclusion
In this study, changes of HWs' and CSs' characteristics are evaluated for 12 locations over the IP that may occur in two future climate periods under the RCP8.5 emission scenario. This is achieved by comparing the number of HWs/CSs, the number of HWs/CSs days, their duration, recovery factor and intensity between the two future periods, namely mid-term (2046-2065) and long-term (2081-2100), with the recent-past reference climate (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) . The statistical differences of changes are also estimated. HWs/CSs are defined as a period of a minimum of three consecutive days with daily T max /T min above/below a threshold define as the climatological 90th/10th percentile. The thresholds used for all periods are those defined for the reference climate since one of the objective is to generate information which could be used for future temperature health-related adaptation measures. For both future periods, the number of HWs and HW days are expected to increase in all locations. The first register increases between 2 and 4 fold relative to present day conditions. For the latter, changes are expected to reach between 4 and 40 times the simulated present climate values. Smallest changes will occur in The mean Nwaves and Ndays were tested using the T-test at = 0.05 under the null hypothesis that the samples come from independent random samples with equal means, and equal, but unknown, variances. If the value is highlighted (bold) the test rejects the null hypothesis at the 5% significance level. Ndays and DUR are per CS and Nwaves per summer/winter. the north (Gijón and Corunha) and highest changes in Barcelona where a great part of summer registering, on average, HW days. Average HW duration is expected to increase significantly at all locations. Results for the recovery factor and intensity point towards a slight, but statistically significant, increases at most locations and for both future periods. These changes should be considered together with the extreme increase in HW number and days. The above mentioned changes in HW properties are expected to increase across the whole duration/recovery factor/intensity range of HWs. As expected, CSs are estimated to decrease in number, duration and intensity associated with increases in night (i.e. T min ) and day (i.e. T max ) temperatures. Changes in CSs represent less cold-related health impacts but the magnitude and statistical significance of these changes as less than those of HWs. This work complements the existing climate change studies for IP and throws light in the HW and CS characteristics for the future. The results of this study represent added-value to the implementation of adaptation measures associated to heat-related health risks for the future in the IP, particularly for its cities.
